Unnatural amino acids are utilized as building blocks and molecular scaffolds in construction of combinatorial libraries for drug-discovery research. 1 They represent a nearly infinite array of diverse structural elements for the development of new therapeutic drugs. 2 Alternatively, they also have been used as molecular probes for the better understanding of biological systems. In continuation of our interest toward the synthesis of unnatural amino acids and their use as building blocks for the solid-phase parallel synthesis 3 of novel small molecules and heterocyclic peptidomimetics, 4 we report herein the parallel synthesis of oxazolyl alanine and oxazolyl homoalanine from the condensation of serine methyl ester with aspartic and glutamic acids, respectively.
Various oxazole-containing natural products have been isolated from natural sources, particularly from the marine environment. Many of them are structurally complex and possess a wide range of pharmacological activities such as antitumor, antibacterial, antiviral, and antimalarial. 5 Other synthetic oxazole derivatives are also found to be associated with antifungal, antitubercular, and anti-inflammatory activities. 6 Many FDA-approved drugs such as 'Oxaprozin', an anti-inflammatory drug, and 'Dalfopristin', a streptogramin antibiotic drug, contain an oxazole ring. 7 We have experience in synthesizing a variety of heterocyclic amino acids and utilizing them as chiral building blocks for the construction of pharmaceutically relevant small-molecule libraries. 4 In order to expand the scope and diversity of our small-molecule libraries, we used aspartic and glutamic acid side chains as precursors for the synthesis of oxazole alanine and oxazole homoalanine amino acids. Analogous synthetic heterocyclic amino acids, such as thiazolyl alanine and quinolyl alanine, are commercially available and have been utilized for peptidomimetics research. 8 Compared to its thiazole analogues, oxazolyl alanine is not well explored as a building block for making small molecules, peptidomimetics and other materials.
As part of our in-house medicinal chemistry program, we planned to synthesize a diverse range of molecules based upon the substituted oxazole core unit. In particular, our preferred strategy involves the solution-phase preparation of an appropriately functionalized and protected core, followed by solid-phase attachment, assembly, and derivatization. Here, we describe a combined solution-solid-phase scheme in which a solution-generated heterocyclic scaffold is 'side-chain diversified' on the solid phase into four distinct compound series. Accordingly, we envisaged that the new orthogonally protected chiral oxazolyl alanine 4, a useful building block for peptidomimetics and small molecules, would be obtained from protected L-aspartic acid 1 (Scheme 1). There are several advantages of our approach, including: (i) the use of economically viable and commercially available starting materials such as Boc-and benzylprotected L-aspartic acids, (ii) biomimetic syntheses of oxazole amino acids using serine methyl ester that provides a carboxyl group on the oxazole ring, (iii) selective cleavage of the benzyl (Bn) group provides a free carboxylic acid which can easily be used as the anchoring point of the solid support, (iv) orthogonal deprotection of the amine and the carboxyl group allows for two sites of diversification, which permits the parallel synthesis of a large number of small molecules in a relatively short period of time, and most importantly, (v) the oxazole ring is not directly attached to the α-carbon and hence no enol racemization possibility during synthesis, which avoids additional purification requirements.
Oxazolyl alanine compounds acts as factor XIA inhibitors, 9a potential neuroprotective agents, 9b BACE 1 inhibitors, 9c potent and selective neutral endopeptidase inhibitors, 9d vla-1 integrin antagonists, 9e and as nep inhibitors for fsad.
9f Despite the fact that the oxazolyl alanine compounds are useful precursors for making biologically relevant molecules, only a few methods have been reported for their preparation; 9 these include: (i) making racemic oxazolyl alanine starting from chloromethylene oxazole, (ii) treating carboxylic acids with aminoketones, (iii) treating glutamides with aminophenols in the presence of Meerwein's reagent, (iv) making chiral oxazolyl alanine via cyclodehydration of the hydroxy peptide. Additionally, there is no report on utilizing oxazolyl aminoacids as building blocks for solid-phase parallel synthesis. In continuation of our interest in the parallel synthesis of small molecules for drug discovery, we have synthesized oxazolyl alanine in solution phase, and utilized for the solid-phase parallel synthesis of diverse trifunctional oxazole small molecules.
For our studies, initially we chose Boc-and Bn-protected L-aspartic acid and serine methyl ester (Ser-OMe). Following our previous approach, 4c,e similar to the biosynthetic pathway, the serine methyl ester was coupled with protected aspartic acid 1 to yield the corresponding β-hydroxy peptide 2. The cyclization of Boc-β-hydroxypeptide 2 with the fluorinating reagent diethylaminosulfur trifluoride (DAST) at -78 °C was performed to yield the oxazoline derivative, which was followed by ring oxidation using bromotrichloromethane (BTCM) along with DBU as the base to give the desired orthogonally protected oxazolyl alanine methyl ester 3. Selective Pd-catalyzed reductive cleavage of the benzyl protecting group led to the corresponding oxazolyl alanine derivative 4 with a free carboxylic acid group (Scheme 1), which can be used as the anchoring point of the solid support for the parallel synthesis.
Having the oxazolyl alanine building block in hand, we then proceeded to synthesize a library of trifunctional oxazole small molecules. As the solid-phase organic synthesis (SPOS) 3,10 is an effective tool to generate structurally diverse compounds, we employed the tea-bag approach 3,11 for the rapid solid-phase parallel synthesis of functionalized oxazole small molecules. First, we loaded the oxazolyl alanine 4 on to p-methylbenzhydrylamine (MBHA) resin using N,N′-diisopropylcarbodiimide (DIC) (coupling reagent) and 1-hydroxybenzotriazole (HOBt) (racemization suppressant) in DMF. Next, the resulting resin-bound N-Boc-oxazolyl alanine 5 was treated with 55% TFA in CH 2 Cl 2 to remove the Boc protection and the resulting free amine was then acylated with a set of carboxylic acids a-d [i.e., propionic acid (a), cyclohexane carboxylic acid (b) , (3,5-bis-trifluoromethylphenyl)acetic acid (c), adamantyl acetic acid (d) 
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N-acylated products 6. These N-acylated products were subsequently treated with 1 M aqueous NaOH solution to hydrolyze the methyl ester group in order to obtain the free carboxylic acid group, which was then amidated utilizing primary and secondary amines i-iv [piperidine (i), n-butylamine (ii), N-Boc-piperazine (iii), benzylamine (iv)] to afford a variety of amidation products 7 (Scheme 2, Table 1 ).
The amidation products with N-Boc-piperazine (iii) provide an additional site for diversification via Boc deprotection followed by acylation using another set of carboxylic acids e-h [fluorenylacetic acid (e), naphthylacetic acid (f), butyric acid (g), phenylacetic acid (h)]. After completion of the cyclization, the compounds were cleaved from the resin by using HF to afford 16 diverse trifunctional oxazole products 8 (Scheme 2, Table 1 ) in good yields and high purities, and these were characterized by LCMS, 1 H and 13 C NMR. The use of heterocyclic amines such as piperidine (i) and NBoc-piperazine (iii) led to the bis-heterocyclic compounds 8a(i), 8b(i), 8c(i), 8d(i), 8a(iii)e, 8b(iii)f, 8c(iii)g, and 8d(iii)h having both five-and six-membered heterocyclic rings, where one is an aromatic and the other is a saturated heterocycle. It is noteworthy to mention here that the presence of two or more heterocyclic cores in one single molecule generally increases the number of potential targets by the square power, thereby improving the chances of hits and lead molecule identification. Many approved drugs contain more than one type of heterocycle, often bis-nitrogen heterocycles.
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With the success of synthesizing oxazolyl alanine 4 and its use as a building block for parallel synthesis, we extended our methodology to prepare its homologue 10 starting from protected glutamic acid 9, which has an additional methylene group (Scheme 3). Similar to oxazolyl alanine 4, the oxazolyl alanine homologue 10 was also utilized as a building block for the solid-phase parallel synthesis and the obtained trifunctional small molecules 12 are shown in Scheme 3 and Table 2 .
In conclusion, we have developed a solution-phase synthetic approach for chiral oxazolyl alanine and its homologue starting from aspartic and glutamic acids, respectively. These heterocyclic amino acid building blocks have been utilized for the solid-phase parallel synthesis of a pharmacologically relevant small-molecule library of 20 compounds with high diversity. We have used a variety of carboxylic acids and amines for the N-and C-functionalizations, respectively. This approach is useful for incorporation of an oxazole moiety into peptidomimetics to generate combinatorial libraries for the purpose of drug discovery. We are in the process of preparing a larger small-molecule library of oxazole compounds. 
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All the reagents were commercial grade and were purified according to established procedures. Organic extracts were dried over anhydrous sodium sulfate. Solvents were removed on a rotary evaporator under reduced pressure. VWR silica gel (60-120 mesh size) was used for column chromatography. Reactions were monitored by TLC on aluminum-backed silica G TLC plates w/UV254. Hydrofluoric acid cleaves were performed in specially equipped and ventilated hoods with full personal protective equipment. Melting points were obtained using a MEL-TEMP apparatus. C shifts are expressed in ppm relative to the internal solvent peak of either DMSO-d 6 or CDCl 3 . Coupling constants are reported in Hz. LCMS (ESI) traces were recorded using a Agilent Triple Quad LC-MS instrument on samples with concentrations of 1 mg/mL in 50:50 MeCN/H 2 O at both 214 nm and 254 nm, using a reverse phase Vydac column with a gradient of 5% to 95% formic acid in MeCN. The purities of the crude samples were estimated based on the UV traces recorded. Low-resolution mass spectra were recorded using a Agilent GC-MS 7890 instrument. High-resolution mass spectra were obtained using a Thermo LTQ Orbitrep spectrometer. Details of the syntheses of the intermediates 4-methoxy benzyl The oxazole ester (Boc-L-Asp-Oxz-OBn) 3 (2.43 g, 6 mmol) was dissolved in EtOH/EtOAc (1:1, 20 mL) and treated with 10% Pd/C (0.1 equiv). The resulting mixture was stirred in the presence of H 2 gas (1 atm) for 2 h. The progress of the reaction was monitored by TLC. After complete conversion, the mixture was filtered through a pad of Celite and the residue washed with EtOAc. The volatile organic solvents were removed in vacuo and the crude residue washed with hexane to give the title product 4.
Yield: 1.75 g (93%); white solid. 
ESI-MS: m/z = 315 [M + H]
+ .
Solid-Phase Parallel Synthesis of 8a(i)-d(iv), 12a(i)-d(iv)]; General Procedure
Step 1
A set of sixteen 50 mg sealed polypropylene mesh bags containing pmethylbenzhydrylamine hydrochloride salt resin (MBHA) (1.15 mol/g, 100-200 mesh) was prepared. 11 The reactions were carried out by placing all the bags in plastic reaction bottles. Following neutralization of the resin with 5% diisopropylethylamine (DIPEA) in CH 2 -Cl 2 , Boc-L-Asp-Oxz-OH 4 (2 equiv) was coupled using HOBt (2 equiv) and DIC (2 equiv) in anhydrous DMF while shaking the reaction vessels overnight. Completion of the coupling was monitored by the Kaiser (ninhydrin) test. 13 Step 2 Following removal of the Boc group with 10 mL of 55% TFA/CH 2 Cl 2 for 30 min and neutralization with 10 mL of 5% DIPEA at room temperature for 2 hrs, the free amine group was coupled with four different carboxylic acids (5 equiv) which resulted in new amide functionalities. The completion of the amide coupling process was monitored by the Kaiser (ninhydrin) test.
Step 3 After removal of the solvents and multiple washes with DMF and CH 2 Cl 2 , dioxane (10 mL) and 1 M aq NaOH solution (10 mL) were added and the mixture was left shaking overnight at room temperature to deprotect the methyl ester group. The free carboxylic acid group was coupled with four different types of amines (5 equiv) to obtain new amide functionalities.
Step 4
The resin was washed with DMF (× 3), and CH 2 Cl 2 (× 3) and then the products were cleaved from the resin support in the presence of HF at 0 °C for 1.5 hours. The HF was removed by a steady stream of nitrogen gas at room temperature. The products were then extracted with 95 % 
13
C NMR (100 MHz, CDCl 3 ) : d 9.6, 20.6, 23.5, 24.6, 29.6, 29.8, 49.8, 136.5, 142.1, 160.6, 160.8, 172 .0, 174.1. 
ESI-MS
(R)-2-(3-Amino-3-oxo-2-propionamidopropyl)-N-butyloxazole-4-carboxamide [8a(ii)]
Yield: 12.8 mg (72%); white solid. 2, 32.6, 39.7, 51.8, 137.3, 142.6, 162.8, 162.9, 174.8, 176 .9. 
ESI-MS
13
C NMR (100 MHz, CDCl 3 ): δ = 9.6, 29.5, 30. 1, 37.6, 42.4, 43.7, 45.3, 46.3, 50.0, 120.0, 124.6, 127.2, 127.5, 136.0, 140.7, 143.6, 146.8, 160.8, 170.4, 172.4 C NMR (100 MHz, CDCl 3 ): δ = 9. 5, 29.5, 30.0, 43.1, 50.0, 127.7, 127.9, 128.8, 136.1, 137.8, 141.5, 160.1, 161.2, 171.7, 174 N-{1-Amino-1-oxo-3-[4-(piperidine-1-carbonyl) 6, 25.57, 25.61, 25.65, 29.4, 29.5, 29.8, 45.2, 49.6, 136.6, 142.2, 160.6, 160.8, 172.1, 176. 
(R)-2-[3-Amino-2-(cyclohexanecarboxamido)-3-oxopropyl]-N-butyloxazole-4-carboxamide [8b(ii)]
Yield: 15.3 mg (73%); white solid. 
13
C NMR (100 MHz, CDCl 3 ): δ = 13.7, 20. 1, 25.6, 29.4, 29.6, 29.9, 31.7, 38.8, 45.1, 49.9, 136.3, 141.2, 160.1, 161.1, 171.9, 176. = 25.6, 29.3, 29.5, 30.2, 30.3, 38.4, 42.4, 45.0, 46.2, 49.8, 123.3, 125.4, 126.0, 126.3, 126.5, 128.0, 128.9, 130.9, 131.8, 133.9, 136.1, 143.6, 143.7, 160.8, 170.0, 172.3, 176.3, 176. 5, 25.6, 29.3, 29.6, 29.8, 43.1, 45.1, 49.8, 127.7, 127.8, 128.8, 136.1, 137.8, 141.5, 160.1, 161.2, 171.8, 176 .5. 3, 30.7, 41.2, 43.2, 51.1, 79.3, 120.6, 122.4, 125.1, 130.4 (1C, q, 1 J C-F = 272 Hz, CF 3 ), 139.6, 142.7, 160.6, 160.8, 169.6, 172 
ESI-MS
13
C NMR (100 MHz, CDCl 3 ): δ = 14. 1, 20.0, 30.9, 31.7, 38.4, 41.3, 51.1, 79.6, 120.6, 122.5, 125.2, 130.3 (1C, q, 1 J C-F = 272 Hz, CF 3 ), 136.6, 139.8, 139.9, 141.7, 160.3, 161.5, 169.5, 172. C NMR (100 MHz, CDCl 3 ): δ = 14. 2, 18.5, 30.9, 34.6, 41.3, 51.0, 79.6, 120.63, 120.66, 120.7, 122.5, 125.2, 129.8, 130.5 (1C, q, 1 J C-F = 272 Hz, CF 3 ), 136. 2, 140.0, 143.8, 160.6, 161.0, 169.4, 171.2, 172 
C NMR (100 MHz, CDCl 3 ): δ = 31. 2, 40.8, 42.4, 51.1, 120.9, 122.6, 127.3, 128.1, 128.3, 128.7, 130.3 (1C, 6, 25.6, 26.7, 28.0, 29.9, 36.4, 39.0, 40.7, 49.7, 136.6, 142.4, 160.7, 160.8, 172.5, 178. 13.7, 20.1, 28.0, 29.9, 31.7, 36.4, 38.8, 39.1, 40.7, 49.8, 136.3, 141.2, 160.2, 161.2, 172.3, 178. 
C NMR (100 MHz, CDCl 3 ): δ = 28. 0, 30.0, 36.4, 39.0, 40.7, 41.1, 42.3, 46.1, 49.8, 127.1, 128.5, 128.9, 134.6, 136.1, 143.6, 143.7, 160.7, 160.9, 169.8, 172.3, 178.4 .
ESI-MS: m/z = 548 [M + H]
